Many strains of Rhodopseudomonas capsulata are capable of exchanging genetic information via a recently discovered gene transfer process involving the release and subsequent uptake from the medium of particles containing genetic information (gene transfer agents, GTAs). No viral activities are observed to be associated with this system. An assay has been developed to quantitate gene transfer in R. capsulata. Conditions are described for which the number of cells acquiring a new genetic trait is directly proportional to the number of GTAs and independent of the number of recipient cells. These conditions were used for the assay of the uptake and release of GTAs by cells. The maximum fraction of recipients that acquire a given genetic marker is -4 x 10-4. Free GTA appears in a growing culture in one or two abrupt waves near the time of transition from exponential to stationary phase. During these waves, the titer of GTA for a given marker may reach 2 x 106/ml. A comparison of the frequency of singleand double-marker transfers suggests that most of the cells in early-stationaryphase cultures are active recipients. The ultraviolet inactivation spectrum of GTA resembles that of the small ribonucleic acid phages. The inactivation cross section a, for GTA was calculated to be 1.7 x 10-1 cm 2/photon at 265 nm.
Many strains of Rhodopseudomonas capsulata are capable of exchanging genetic information via a recently discovered gene transfer process involving the release and subsequent uptake from the medium of particles containing genetic information (gene transfer agents, GTAs). No viral activities are observed to be associated with this system. An assay has been developed to quantitate gene transfer in R. capsulata. Conditions are described for which the number of cells acquiring a new genetic trait is directly proportional to the number of GTAs and independent of the number of recipient cells. These conditions were used for the assay of the uptake and release of GTAs by cells. The maximum fraction of recipients that acquire a given genetic marker is -4 x 10-4. Free GTA appears in a growing culture in one or two abrupt waves near the time of transition from exponential to stationary phase. During these waves, the titer of GTA for a given marker may reach 2 x 106/ml. A comparison of the frequency of singleand double-marker transfers suggests that most of the cells in early-stationaryphase cultures are active recipients. The ultraviolet inactivation spectrum of GTA resembles that of the small ribonucleic acid phages. The inactivation cross section a, for GTA was calculated to be 1.7 x 10-1 cm 2/photon at 265 nm.
We have recently described the discovery of the first genetic exchange system for a nonsulfur purple photosynthetic bacterium (3) . Certain strains of Rhodopseudomonas capsulata are capable of releasing particles that contain samples of genetic information representing all parts of the genome. These particles can subsequently provide genetic information to other bacteria of the same species, thus effecting genetic transfers. The process resembles transduction; however, the particles are much smaller than any known transducing bacteriophage. We propose to call these particles gene transfer agents (GTAs), and cells that express new genetic markers received via GTAs are termed transferants. It is our goal to be able to use this genetic system to study energy metabolism and the regulation of photosynthetic membrane formation via a biochemical genetics approach. This 
RESULTS
Assay conditions. Two criteria were used in developing the assay. First, conditions should be found for which the number of transferants is directly proportional to the amount of input GTA and invariant with the number of potential recipient cells present. Second, conditions should be optimized so that a fixed number of GTAs gives rise to a maximum number of transferants. The assay conditions described in Materials and Methods meet the first of these goals as demonstrated by the results shown in Fig. 1 and 2 . When a constant number of recipient bacteria are exposed to increasing numbers of GTAs ( Fig. 1) , the resulting number of transferants increases proportionately until about 4 x 10-5 of the cells have expressed a given gene transfer. Further increases in GTA per recipient result in a nonlinear increase in transferants until the frequency of transferants reaches a maximum at about 3 x 10-i to 4 x 10-4. This saturation occurs at GTA/recipient ratios on the order of 100 times greater than the maximum ratio giving a linear response.
The values on the linear portion of the doseresponse curve may be used to calculate a "titer" of the number of rif-10 GTA per ml of solution; however, since the overall efficiency of gene transfer is not yet known, this titer represents only assayable rif-10 transfer units. Furthermore, since the titer is measured for only one genetic determinant, the total number of GTA, is greater than this titer by at least a factor equal to the molecular weight of the genome divided by the average GTA equivalent molecular weight. We estimate this factor to be large (103 to 104) because a 70S particle (3) with a buoyant density of -1.37 g/cm3 in CsCl (un- Number of rifampin resistance gene transfer events among a constant number of recipients treated with various amounts of GTA. Rifampin-sensitive recipient cells (B6) were grown, harvested, and suspended at a final density of 9 x 107 colony-forming units (CFU) per ml in G buffer plus 500 Ag of bovine serum albumin per ml containing various dilutions of a concentrated, diafiltered preparation of GTA from strain BB101. The mixture of cells and GTA was incubated for 2 h at 35 C and then diluted and plated for determination of rifampin resistance. The background frequency of spontaneous rifampin resistance in this experiment was less than 4.0 CFU/ml. The input titer of GTA is calculated assuming one RifR CFU arises from one rif-10 GTA in the region where the dose-response curve is linear, and is an "assayable" titer only. The inset is an expansion of the initial portion of the curve. published data) would be expected to carry a nucleic acid molecule of relatively small size (-10 Ito 106 daltons).
Above a critical ratio of recipients per GTA, the assay is insensitive to variations in the number of recipients (Fig. 2) . At higher recipient cell concentrations, 02 becomes limiting and a gradual decrease in transferants is observed (data not shown) unless steps are taken to improve aeration. We have also observed that 1 mM KCN strongly inhibits the gene transfer process (data not shown), and these two results taken together suggest that this process requires energy metabolism during the initial stages.
Our success in meeting the second assay criterion, that of maximal response, cannot be judged until more of the molecular details of the system are known. We have examined the effects of ionic composition and concentration (and pH) on both the stability of GTAs and the assay system itself, and the conditions described above seem optimal. We have been impressed by the wide variety of normally innocuous agents that inhibit the system; e.g., if either 50 mM NaCl or 0.3% peptone is added to the complete assay system, a marked inhibition of transferant production is observed (see below).
GTA uptake. Figure 3 GTA production kinetics. To determine when during the growth cycle GTA was released, samples of cultures were filtered and assayed for GTA at various times after inoculation of photosynthetic cultures of strain BB101 or BB1012. The surprising result is shown in Fig. 4 , which summarizes the data from four independent trials. Free GTA concentration increases abruptly in filtrates shortly before the transition from log to stationary phase. How Fig. 3 , shows fluctua- early times (650/mI at 1 min) and decreased gradually as incubation continued. The difference between the number of RifR colony-forming units on these two types of plates was plotted as transferants per milliliter (0). Samples from flask I were also removed, diluted, plated directly in PYE-soft agar (instead of G buffer-soft agar), and then treated as described for the previous plates. The numbers of RifR colony-forming units appearing on these plates are also plotted (A).
J. BACTERIOL. point. Strain BB1012 (V) was grown in a plas syringe, and samples were removed periodically depressing the plunger. Culture growth was follow by turbidity measurements, which are plotted relati to the stationary-phase turbidity. Time scales wi then normalized so that 50%o maximal turbid; occurred at a fixed time. The resulting growth curt were essentially superimposable and are depicted tions in free GTA titer similar to those shown Fig. 4 . The possibility remains that conditic of GTA uptake in the culture are not preserv in our uptake assay and, therefore, uptake m still account for the unusual changes in titer A second possible explanation for the drop by UV light was determined. Since such measurements depend strongly on the intensity of the light source used, the extent of internal absorption and light scattering of the sample, and the sample geometry, we calibrated our -system with bacteriophage T2, which has a w known UV sensitivity. Identical irradiation conc-ditions were assured by using a mixture of T2 9 and GTA throughout the experiments. Figure 5 c depicts inactivation curves at 260 nm. Appropriate control experiments showed that T2 and GTA did not interfer with each other in either the assays or the irradiations. The experimental curves can be represented by the equation n = no exp -aD, where no is the initial titer and n is the titer after a dose (D) is delivered; the inactivation cross section, a, is a constant which is proportional to the sensitivity of a particular biological material (e.g., virus) at a given wavelength and corresponds to the slope in Fig. 5 . The dose was calculated from the a value for T2 0of as determined by Rauth (6) . The inactivation of of GTA was found to be exponential over at least of three logs. 45-at Action spectrum. In Fig. 6 T2 at 265 nm is about 42 x 10-16 cm'/photon; that for GTA is about 1.7 x 101-6 cm2/photon. The ability of GTA to transfer genes is thus approximately 25 times more resistant to inactivation by UV light of that wavelength than the plaque-forming ability of T2. Of the phages for which has been determined (6), the small ribonucleic acid phages MS2, R-17, fr, and 7-S most closely resemble GTA, each exhibiting an inactivation cross section of about 1.2 x 10-16 cm2/photon, whereas, among the deoxyribonucleic acid phages, IX174 and fd, with a values of approximately 10 x 101-6 cm2/photon, are most similar to GTA in their UV sensitivities. (2) or infected cultures, which release small phage continuously (4) . If it is assumed that each particle is relatively efficient in gene transfer and thus the titer by bioassay of a particular genetic marker is a good estimate of the number of genome equivalents released, it is possible that the lysis of only 105 to 106 cells per ml may account for all the observed GTA production, and thus some sort of lytic phenomenon cannot be ruled out as the mechanism for release of GTA to the medium, since lysis of this small fraction would not have been detected. Alternatively, living cells may shed GTA into the medium without lysing. Release by either mechanism clearly involves a significant degree of synchrony which remains unexplained.
DISCUSSION
The rate of inactivation of GTA activity by UV light is comparable to that observed for transducing activity (1), but transducing activity usually shows an activation by low doses of UV light which is not observed with GTA. The UV inactivation spectrum of GTA is similar to that for bacterial viruses. Rauth (6) noticed an empirical correlation between the shapes of UV inactivation spectra and strandedness of nucleic acids carried by viruses, namely, the 265/225 ratio for a values was 2 for double-stranded and 1 for single-stranded nucleic acids with very few exceptions. The GTA spectrum resembles the single-stranded class. Work on the direct characterization of the nucleic acid of GTA is in progress.
The gene transfer system of R. capsulata would seem to be either generalized transduction by a defective virus of a size class hitherto not known to transduce or a bacterial sex mechanism unrelated to viral activities. The definitive resolution of these two possibilities will probably be difficult, but in the absence of evidence for viral involvement we favor considering this system as a bacterial mechanism that exists because of the selective advantage which the capability for genetic exchange might confer. We have discovered recently that GTA can be used to demonstrate genetic linkage between the genes for carotenoid biosynthesis and those for bacteriochlorophyll biosynthesis, and mapping of this important region of the R. capsulata genome is in progress. 
